Hot-wire measurements of the mean flow, turbulence characteristics, and integral scale in a square channel roughened with transverse ribs mounted on two opposing sidewalls are presented for three rib configurations: single rib, in-line multiple ribs, and staggered multiple ribs. Test conditions for multiple ribs use p/H 10, H/D 0.17, and ReD 23,000. Measured results highlight the spatial distribution and evolution of turbulence intensity and integral scale from the flow entrance of the first period to the developed regime near the exit of the third period. The highly turbulent, shear layer initiated near the trailing upper-edge of a rib elevates the turbulence level in the mainstream of the channel. The magnitude of turbulence intensity in the channel core rises from 0.7% in the approaching flow to about 20-25% near the exit of the third period. The integral scale dominating the mainstream flow increases from approximately one-half the rib-height, 0.5H, in the approaching flow to 1.5-2.5H behind the first rib and further downstream.
INTRODUCTION
nternal cooling passages in advanced turbine blades or vanes utilize transverse ribs, arranged in a periodic fashion, to enhance convective heat transfer. Transverse ribs are often termed two-dimensional roughness, in contrast to their three-dimensional counterparts; e.g. sand grain roughness. A surface-mounted rib penetrates the viscous sublayer to promote turbulent transport that increases the heat transfer from the surface. For blade internal cooling, the rib height often amounts to more than 10% of the passage cross section, and its effect on elevating turbulence levels in the core flow, as well as in the boundary layer, can be significant. Hence ribs are often termed turbulence promoters or turbulators.
Rib-induced heat transfer enhancement exclusively for blade cooling has been a subject of extensive research for more than a decade. Most studies were directed toward investigating the relationship between average heat transfer and friction loss for various channel geometries. Substantially less effort was devoted to examining the local variation of heat transfer over a fib-roughened surface. This local information is deemed to be important, since non-uniform cooling may induce excessive thermal stress and reduce component life-time. Local heat transfer near a transverse rib is determined primarily by the nature of flowfield in the region. Flow past a rib element includes the phenomenon of boundary layer separation, followed by separated shear layer reattachment and boundary layer redevelopment. The distance between the reattachment location and the downstreamfacing wall of the rib is termed the reattachment length, Xr. In the region of reattachment, the heat transfer coefficient reaches a local maximumma primary effect of fib-induced enhancement. Hence an effective design of a rib-roughened channel must be able to incorporate the reattachment feature which depends on rib configurations and flow conditions. 210 For multiple ribs, the nature of shear layer reattachment, including the value of reattachment length, is primarily determined by the value of pitch-to-height ratio, p/H. However, reports in this regard to date have been conflicting. According to an earlier study by Mantle 1966] , the shear layer reattachment between two neighboring ribs only occurs when p/I-I -> 6.6. Other studies have reported higher values of p/H, approximately equal to 10, for the existence of reattachment Aytekin and Berger, Han et. al., [1979] ; Klein et. al. [1980] . In these studies, the reattachment length, based on actual flow visualization and measurements, varies from Xr/H 3 to 5. For studies focused mainly on heat transfer, the reattachment length is treated as the same location of the maximum heat transfer coefficient behind a rib, despite the fact that these two locations may differ by nearly a fib-height Edward and Sheriff, 1962] ; Kottke, 1982] . In a more recent study, Chyu and Wu [1989] have reported that a sharp rise of heat transfer coefficient exists immediately ahead of a square rib, with the magnitude of the heat transfer rate generally surpassing that induced by the shear layer reattachment. This finding is consistent with some earlier reports of strong comer vortices and intermittent boundary layer bursts in the region Williams and Watts, [1972] ; Simpson, [1981] . The unsteady burst can be a very effective means for heat transfer between the near-wall region and the mainstream. This suggests that optimal p/I-I values, as far as overall heat transfer rate is concerned, may be less than 10, contrary to the present belief of the blade cooling community.
In light of the foregoing discussion, it appears that there is a need for a study to provide further understanding of flow characteristics in fib-roughened channels. Since turbulent transport is the dominating feature in the system, the present study is focused primarily on examining the spatial distribution and evolution of turbulence from the flow entrance to the developed (periodic) regime. This paper presents hot-wire data to infer the turbulence intensity and integral scale for the first three periods in a square channel. Multiple ribs were mounted on two opposing channel walls, arranged in both in-line and staggered fashions with p/I-I 10. All tests used a single Reynolds number of 23,000, referenced to the channel height, which is within the range of internal blade cooling applications for large turbine engines. In the open literature, there has been much less research focused on the flow aspects than on the heat transfer performance. Several earlier studies have investigated mean velocity and turbulence intensity in channels with multiple ribs Hsieh, [1989] ; Yokosawa et. al., [1989] ; Sato et. al., [1992] . All these studies were limited to the periodic regime only, and no length scale data were reported.
DESCRIPTION OF EXPERIMENT
A schematic of the channel and the rib configurations tested is shown in Figure 1 The traverse locations are located in an array of 5 by 16 ports. These ports provide access for hot wire traverse centered in the third period of an in-line array. The top wall ribs of the in line and staggered arrays occupy or 2 rows of the 16 rows. The shaded area of data shown in Figure 1 indicates the traverse locations employed for each of the rib configurations. Centerline traverses were taken to document the flow up stream of the first rib of each configuration as indicated in Figure 1 . This arrangement was chosen based on a notion that the transport phenomena with transverse ribs generally reach a periodic state in the third period Berger et. al., [1979] ; Chyu and Wu, [1989] . In order to explore the development of the flow for multiple fibs, but without excessive fabrication costs, upstream ribs were removed as shown in Figure 1 . The traverses were then repeated at the original third period location. Although the approaching boundary layer thickness is expected to be different for the first, second, and third period cases, this is considered to be a minor factor in developing the scales or fluctuation levels because of the large disturbances produced by the ribs.
The hot wire measurements were made with a TSI IFA Up to 20% turbulence level, the discrepancy between the two instruments is found to be less than 2% for both mean and rms velocities. However, one should recognize that the turbulence in the wake behind a rib, based upon the actual local velocity in stead of the centerline velocity, can be much higher than the 20% range. Single-wire probes are known to be unable to discern streamline reversal and inclination. As a result, the velocity profile points shown in the separation zone only give an absolute value of velocity. Absolute hot wire velocities in the separation or recirculation zone have been compared against Kiel probe measurements and found to agree when the Kiel probe is rotated in the direction of the mean flow. A point of inflection in the velocity profile occurs as a result of the flow reversal. The separation zones are clear from the discontinuity in the mean, fluctuating, and scale profiles, and like wise reattachment has clearly occurred when the discontinuity disappears. The fluctuating component of the vertical velocity has also been measured on the duct centefline with a TSI 1241 crossed hot wire probe and found to equal or exceed the u' component for these flows.
Single element hot wire measurements were employed to obtain the turbulence scales in both axial and vertical Figure 3 , the magnitude of Tu rises sharply just ahead of the rib, approximately at x/H -2 (one and a half rib heights ahead of the front edge of the rib). While this phenomenon existing in a separation zone is somewhat unexpected, it occurs consistently upstream to the first rib even for the multiple-rib cases. The integral scale distribution around the single rib, though not displayed here, is virtually identical to that of the first rib in the in-line configuration, as shown in Figure 6 . The integral scale has a value of 0.5H sufficiently far upstream to the rib, and rises sharply to 2H approximately one to two rib-heights ahead of the rib. This increase in integral scale and turbulence intensity appears to be the main cause for an unusual increase in heat transfer near the region immediately upstream to the rib, even though it is a separation zone Chyu and Wu, [1989] ; Acharya et. al., [1993] .
In-Line Ribs
The first period: Figure 4 shows the mean velocity profiles near the rib for the first period of the multiple rib geometry. The The integral scale distribution behind the rib shows a maximum, approximately 2 to 2.5H, near the center line of the channel. Nevertheless the integral scale in the recirculation zone (y/H <-1) appears to be smaller, which is limited by the rib size. The first period appears to have the strongest variation of integral scale across the channel height, compared to the second and third periods. For the approaching flow, the integral scale displays more or less a uniform distribution, about 0.5H, across the channel, and a sharp rise to about to 2H immediately ahead of the rib around x/H -2. Note that these The second period" Figure 7 shows the mean velocity profile in the second period. A significant finding is that the reattachment location is relatively shorter, at x/H 3 to 4, compared to the first period. The fluctuation profile, as shown in Figure 8 , approaches 20% again for the pair of peaks signifying the dominance of the rib-induced shear layer. Between the peaks, the magnitude of Tu in the channel core flow starts at approximately 12% behind the rib and grow to 16% at the start of the third period. To a certain extent such elevated mainstream turbulence levels induce more effective mixing which, in turn, shortens the reattachment length. Meanwhile, the integral scale in the mainstream (1.5 < y/H < 4.5) increases to a nearly constant 1.5 to 2.0H in the second period, as shown in Figure 9 .
The third period: The mean velocity profiles of Figure 10 show the reattachment location for the third period in-line multiple ribs is located between an x/H 3 to 4 just as it is for period two ribs. This agrees with several earlier findings concerning either momentum or heat transfer for the developed (periodic) flow regime in rib channels. Aytekin and Berger [1979] reported a reattachment length of 3.1H under a fully rough condition. Using the water absorbent technique, Williams and Watts [1966] found the reattachment-induced maximum heat transfer coefficient occurs at about 3.5H . The   TURBULENCE AND INTEGRAL SCALE   215 turbulence intensity, shown in Figure 11 , is now remaining at about 20% with a little growth to 23% for the twin peaks. The trough between the peaks begins at ---14% behind the rib and grows to 20% at the start of the fourth period. The integral scale is likewise increasing slightly compared to the second period, with the channel core approaching 2 to 3H in Figure 12 . The profiles of Tu and integral scale are expected to have reached a nearly periodic set of values after the third period.
Staggered Ribs
Since the transport feature in the developed regime bears the most practical significance, only the third period results are presented here for comparison with their in-line counterparts. Because of asymmetric arrangement, the third period for the staggered ribs begins over the top of the third rib on the bottom wall and the mid-pitch between the second and the third ribs on the top wall, as illustrated in Figure 1 . In addition, within the period, the upstream half domain is a mirror image of the downstream domain, and vice versa. According to the mean velocity profile shown in Figure 13 , the reattachment location, compared to the in-line case, is shortened 
CONCLUDING REMARKS
Hot-wire measurements have been performed to examine the mean flow and turbulence characteristics in a square channel with a single rib and multiple ribs mounted on two opposing sidewalls. Multiple ribs were arranged in both in-line and staggered configurations, with p/H 10 and H/D 0.17. Turbulence results exhibited emphasize the spatial distribution and evolution of turbulence intensity and integral scale from the flow entrance (first period) to the developed regime (third period). Significant findings summarized from the experimental data are as follows. According to the mean flow data, the reattachment length is found to be around 6 to 7H behind the first rib for both in-line and staggered configurations. The same finding also exists for the single rib case. For the in-line arrangement, the reattachment length for the second and the third period is shorter, about 3 to 5H. As a combined effect of geometric asymmetry and increase in turbulence level, the reattachment length is further shortened to 2 3H for the third period of the staggered ribs. 
